The dissolution of elemental selenium [Se(0)] during chemical weathering is an important step in the global selenium cycle. While microorganisms have been shown to play a key role in selenium dissolution in soils, the mechanisms of microbial selenium solubilization are poorly understood. In this study, we isolated a Bacillus species, designated as strain JG17, that exhibited the ability to dissolve Se(0) under oxic conditions and neutral pH. Growth of JG17 in a defined medium resulted in the production and accumulation of extracellular compounds that mediated Se(0) dissolution.
| INTRODUC TI ON
Microorganisms are major drivers of the selenium (Se) biogeochemical cycle (Stolz, Basu, Santini, & Oremland, 2006; Stüeken et al., 2015) . The biological reduction of soluble selenite [Se(IV) as ] to poorly soluble elemental selenium [Se(0) ] is catalyzed by bacteria (Nancharaiah & Lens, 2015; Oremland et al., 1989) , archaea (Huber, Sacher, Vollmann, Huber, & Rose, 2000) , and fungi (Rosenfeld, Kenyon, James, & Santelli, 2017) . The oxidation of selenium is also known to be mediated by microorganisms; however, very little is known about the microbial pathways that control this process (Dowdle & Oremland, 1998; Losi & Frankenberger, 1998; Sarathchandra & Watkinson, 1981) .
In the global selenium cycle, Se(0)-oxidizing microbial communities are generally thought to play a central role in the dissolution of selenium-bearing minerals and the production of soluble selenium oxyanions that are transferred from continental to marine reservoirs (Haygarth, 1994; Nriagu, 1989) . Furthermore, the transformations of selenium during continental weathering and transport to marine depositional settings have been used to infer the redox state of the early Earth and oxygenation of the Archean oceans (Stueken, 2017; Stueken, Buick, & Anbar, 2015) . Thus, an accurate understanding of how microorganisms affect selenium mobilization during chemical weathering has important implications for the development of reliable models that describe modern and ancient selenium biogeochemical cycles. Sarathchandra and Watkinson (1981) reported the isolation of a heterotrophic Bacillus megaterium strain from a seleniferous soil that was capable of oxidizing Se(0) to Se(IV) during aerobic growth. Later, Losi and Frankenberger (1998) showed that Se(0) solubilization and oxidation in natural soils are a microbially driven process mediated by both heterotrophic and autotrophic communities. At the same time, Dowdle and Oremland (1998) demonstrated that Se(0) oxidation by the chemoheterotrophic bacteria Thiobacillus sp. ASN-1 and Leptothrix sp. MnB1 and by oxic soil slurries resulted in the formation of a mixture of Se(IV) and Se(VI). It was speculated that microbial Se(0) oxidation may occur (a) by an unknown mechanism in heterotrophic cultures or (b) by enzymatic oxidation mediated via sulfur-oxidizing enzymes capable of non-specifically oxidizing Se(0) in sulfur-oxidizing microorganisms (Dowdle & Oremland, 1998) . To date, the mechanisms controlling this process remain unknown.
Se (0) ]) to form aqueous selenosulfur complexes that increase selenium solubility (Ball & Milne, 1995; Rahim & Milne, 1996; Weres, Jaouni, & Tsao, 1989) . Above pH 7, sulfide reacts with Se(0) to form selenium sulfide (SeS 2− ) in a manner similar to the reaction of sulfide with elemental sulfur to form polysulfide anions (Weres et al., 1989) :
Additionally, Se(0) has been demonstrated to dissolve at pH 7 in the presence of sulfite through the formation of selenosulfate (SeSO 3 2− ) in a reaction analogous to the formation of thiosulfate from elemental sulfur, according to the reaction (Ball & Milne, 1995; Kulp & Pratt, 2004; Velinsky & Cutter, 1990 ):
Finally, Se(0) can react with thiosulfate leading to the formation of selenothiosulfate (SeS 2 O 3 2− ), following the reaction (Rahim & Milne, 1996) : Therefore, reactions with sulfide, sulfite, and thiosulfate can strongly affect selenium dissolution and impact the mobility of selenium in soil and sedimentary environments.
Reactive sulfur metabolites are produced by microorganisms but their role in microbial Se(0) solubilization is poorly understood. While it is well established that significant amounts of sulfide are produced by anaerobic sulfate-respiring bacteria (Muyzer & Stams, 2008) , little is known about the production of extracellular sulfide and other reactive sulfur metabolites by aerobic bacteria. Many eukaryotic yeasts have been shown to produce extracellular sulfide and sulfite as a by-product of their central sulfur metabolism (Donalies & Stahl, 2002; Huang, Roncoroni, & Gardner, 2014) . Given the homology between the pathways for sulfate assimilation in yeasts and bacteria, it is possible that aerobic bacteria may also be capable of producing similar extracellular sulfur metabolites (Thomas & Surdin-Kerjan, 1997) . Currently, the production of reactive sulfur metabolites by aerobic bacteria and their interactions with Se(0) have not been investigated in detail.
In this study, we examined the role of extracellular metabolites in microbial Se(0) dissolution. The objective was to isolate a Se(0)-solubilizing bacterial strain from seleniferous soil and to use the bacterial isolate to characterize the mechanism of microbially mediated Se(0) dissolution. We tested the hypothesis that Se(0)-solubilizing bacteria produce reactive sulfur metabolites and that extracellular reactions between sulfide, sulfite, and thiosulfate with Se(0) increase selenium solubility. The results of this study indicate that the microbial production of extracellular sulfur metabolites can affect the chemical weathering of selenium and the formation of mobile aqueous selenium complexes.
| MATERIAL S AND ME THODS

| Isolation of a Se(0)-solubilizing Bacillus strain
Because a Bacillus species was previously reported to dissolve Se(0) (Sarathchandra & Watkinson, 1981) , we isolated Bacillus species from seleniferous soil collected at Punjab, India (Schilling, Johnson, Dhillon, & Mason, 2015) . Approximately one gram of dry soil was added to test tubes containing a mineral salts medium with glucose After 4 days of aerobic growth at room temperature, the enrichment culture was incubated at 80°C for 10 min to select for spore-forming organisms and then spread onto agar plates to isolate viable cells. Colonies which exhibited visually unique morphologies were picked and repeatedly streaked on lysogeny broth (LB) plates to obtain cultural purity. Individual colonies were then selected for further characterization, including phylogenetic determination and their ability to solubilize Se(0), as described below.
The isolates were screened for their ability to dissolve Se(0).
First, a stock solution of red Se(0) was synthesized by chemical reduction of Se(IV) using a method modified from Pettine, Gennari, and Campanella (2013) . Briefly, a liter of deoxygenated 30 mm Na 2 SeO 3 was mixed with 200 ml of 0.4 m ascorbic acid, bubbled with N 2 gas for 30 min, capped, and then stirred for 90 min. The appearance of red coloration in the mixture indicated the formation of Se(0). The suspension was centrifuged at 8,000 g (Sorvall LegendT) for 5 min, and the supernatant was decanted followed by three washing steps according to the protocol of Oremland et al. (2004) . The washing steps included the following: (a) 70% ethanol, (b) 10 mm Na 2 HPO 4 , and (c) double-deionized H 2 O. For each step, one of the washing solutions was added to the Se(0) suspension, vortexed, sonicated in a water bath for 5 minutes, centrifuged again,
and the supernatant discarded. The final washing step was repeated until dissolved selenium was no longer measurable in subsamples of the Se(0) preparation. After the last washing step, the Se(0) particles were re-suspended with 500 ml of sterilized double-deionized sentative Bacillus species were aligned with MUSCLE. Alignments were trimmed to aligned regions, and a phylogenetic tree was constructed with MEGA 7 using the maximum-likelihood method with 100 bootstraps.
| Se(0) dissolution experiments
An isolate that solubilized Se (0) To determine the thermal stability of Se(0)-solubilizing molecules, filtrates were heated in a hot water bath for 1 hr at 80°C and then cooled to room temperature prior to reaction with Se(0) for 6 hr.
To quantify the solubility of Se (0) No differences in reaction kinetics were observed, and subsequent experiments were performed with background sodium nitrate solutions. Experiments with sulfide were conducted in sealed bottles purged with N 2 to maintain anoxic conditions. Samples were collected periodically and filtered using a 0.20-μm nylon syringe filter.
The filtrate was acidified with 2% (v/v) HNO 3 , and total dissolved selenium was analyzed using ICP-OES as described above.
| Measurement of extracellular sulfur metabolites
To examine the production of extracellular sulfur metabolites by the isolate, triplicate cultures were grown in the G1 medium described above. Se(0) was not added to these cultures. At regular time intervals, samples were collected for sulfite, thiosulfate, cysteine, and glutathione analysis. Samples were filtered using a 0.45-μm syringe filter and stored in a −20°C freezer until analysis. Prior to analysis, samples were thawed and derivatized by the addition of 50 μL 2, 2′,-dithiobis(5-nitropyridine) (DTNP) solution (2 mm solution in 100% acetonitrile) and 50 μL of sodium acetate buffer (0.2 m solution with pH adjusted to 6.0) according to the method described by Valravamurthy and Mopper (1990) . The samples were reacted for 5 min prior to high-performance liquid chromatography (HPLC) analysis. Standards were prepared using dilutions of sodium thiosulfate The samples were then allowed to react for 10 min to allow the coloration to develop. The spectrophotometric absorbance of methylene blue was measured at 670 nm. Standards were prepared using dilutions of a sodium sulfide solution (Sigma-Aldrich) prepared in a sodium carbonate buffer with pH adjusted to 9.2. Figure S1 ). Based on the 16S rRNA gene sequence, JG17
| RE SULTS
grouped with members of the Bacillus genus and was closely related to Bacillus megaterium ATCC 14581 (99% sequence identity) and Bacillus aryabhattai B8W22 (100% sequence identity; Figure 1 ).
To test if Se (0) cell-free filtrates, reaching maximum concentrations at mid-log, late log/early stationary, and stationary phase, respectively. The dominant extracellular sulfur compound during early-log phase growth (12 hr) was sulfite, which peaked at mid-log phase at a concentration of 0.61 μm ± 0.21, then dropped at late log phase, and remained low for the remainder of the experiment (Figure 3a,b) . Sulfide was not detected until 18 hr (late log phase) and peaked at 24 hr when it was measured at a concentration of 1.75 μm ± 0.22. While sulfide concentrations were highly variable at some time points, the concentrations in most replicates remained elevated from mid-log to stationary phase (Figure 3a,c) . Finally, a rapid rise in thiosulfate concentrations occurred at 24 hr and then gradually increased during stationary phase to 0.76 μm ± 0.02 at 40 hr (Figure 3a,d) . Extracellular cysteine and glutathione were not detected at any of the time points. Sulfite, sulfide, and thiosulfate were also not detected in control experiments with sterile uninoculated medium.
Abiotic experiments with either sulfite, sulfide, or thiosulfate reacting with Se(0) resulted in selenium solubilization (Figure 4a -c).
The data showed that sulfide was the most reactive solubilizing compound followed by sulfite and then thiosulfate. At the lowest concentration tested (0.5 μm), reactions with sulfite, sulfide, and thiosulfate resulted in total dissolved selenium concentrations of 0.26, 0.42, and 0.14 μm, respectively. The extent of Se (0) ), respectively (Ball & Milne, 1995; Rahim & Milne, 1996; Weres et al., 1989) . While these previous studies used the black amorphous Se (0) The extent of Se(0) dissolution by JG17 is in the same order of magnitude as the microbial selenium solubilization reported by Dowdle and Oremland (1998) contact and non-specific enzymatic Se(0) oxidation. Nonetheless, it is interesting to note that Dowdle and Oremland (1998) Furthermore, Se(0) represents up to 50%-60% of the total selenium in sediments (Belzile, Chen, & Xu, 2000; Velinsky & Cutter, 1991; Wiramanaden, Liber, & Pickering, 2010) , and thus, reactions with sulfite, thiosulfate, and sulfide would also be expected to mobilize selenium during early diagenesis. Since pore water concentrations of total dissolved selenium in sediments are typically in the nanomolar range (Belzile et al., 2000; Velinsky & Cutter, 1991) , our experiments suggest that selenosulfur compounds may potentially represent a significant fraction of soluble selenium in pore waters containing micromolar levels of sulfite and thiosulfate (Valravamurthy & Mopper, 1990) . While selenosulfate has been detected in flue gas desulfurization wastewaters (Petrov, Charters, & Wallschläger, 2012) , detailed analyses to examine selenosulfur complexes in natural waters have not yet been carried out. Our preliminary efforts to separate and measure selenosulfur compounds using HPLC-ICP-MS were unsuccessful (data not shown).
| D ISCUSS I ON
Future work should be aimed at speciating soluble selenium complexes formed by microbial sulfur metabolites and determining the occurrence of inorganic selenosulfur compounds in soil and sediment pore waters.
The stability of selenosulfur complexes in natural systems is not fully understood, but will likely depend on secondary microbial and redox processes. This selenodithionate ion formed may subsequently be hydrolyzed to thiosulfate and selenate, equivalent to the hydrolysis of trithionate to form sulfate and thiosulfate (Schippers, 2004) :
The selenosulfide ion (SeS 2− ) formed from the reaction of Se (0) with sulfide (reaction 1; Weres et al., 1989) may be oxidized in a mechanism similar to the oxidation of the polysulfide ion at pH values between 7.0 and 9.0, forming selenosulfate (SeSO 3 2− ) as a product (Kleinjan, Keizer, & Janssen, 2005) :
The -SS-, -SeS-, and -SeSe-bonds are very similar, and the total energy change for the interconversion reaction between these bonds is so small that the rearrangement reactions between various -Se n S 8-n , molecules are possible in solution (Laitinen & Pakkanen, 1983) . Thus, the selenium moiety may be oxidized instead and form the thioselenate ion (SSeO 3
2−
). However, thioselenate is unstable in aqueous solution and will readily isomerize to selenosulfate (Bouroushian, 2010) .
Selenosulfate formed from the reaction between sulfite and Se(0) (reaction 2) and possibly by the mechanism described in reaction (6) ) and sulfate as the main end products (Aylmore & Muir, 2001; Naito, Shieh, & Okabe, 1970) . However, free metal ions can catalyze the oxidation of thiosulfate to tetrathionate, trithionate, and sulfate (Aylmore & Muir, 2001 ). Likewise, selenosulfate may be oxidized to selenate and sulfate, or various mixed-valence selenosulfur complexes analogous to polythionates (Aylmore & Muir, 2001; Byerley, Fouda, & Rempel, 1973) .
Strain JG17 produced extracellular sulfite, sulfide, and thiosulfate using sulfate as the sole sulfur source in the medium. A temporal progression of the sulfur compounds was observed where Bacillus sp. JG17 produces sulfite first during early-to mid-log phase growth, followed by sulfide mainly during the transition from log-to stationary phase growth. Thiosulfate formed later and was detectable at late log phase. Because JG17 was grown aerobically and does not respire sulfate (Castro, Williams, & Ogram, 2000) , the production of reactive sulfur metabolites must have originated from sulfate assimilation pathways. We note that only a small fraction of the sulfate added to the growth media was converted to extracellular sulfite, sulfide, and thiosulfate (<1%). Although the concentrations of these metabolites are at the micromolar concentration range, the compounds are highly reactive and their production by bacteria under aerobic growth conditions has largely been ignored. In contrast, yeasts have been long known to produce extracellular sulfite and sulfide as a by-product of sulfur assimilation (Dott & Trüper, 1976; Eschenbruch, 1974 (Dott & Trüper, 1976) . Defects of the sulfite reductase enzyme have been shown in engineered yeast to slow the process of sulfite reduction to sulfide, allowing for significant amounts of sulfite to accumulate (Hansen & Kielland-Brandt, 1996) . Other engineered sulfite-overproducing strains overexpress the genes encoding APS kinase and sulfate adenylyltransferase (Donalies & Stahl, 2002; Korch, Mountain, Gyllang, Winge, & Brehmer, 1991) .
Similar to strain JG17, yeasts also produce sulfide as a byproduct of their central sulfur metabolism. In Saccharomyces cerevisiae, this production occurs when cysteine is absent in the growth medium and is caused by the dysregulation of the sulfate assimilation pathway under nitrogen-limiting conditions (Giudici & Kunkee, 1994; Jiranek, Langridge, & Henschke, 1995) . Depending on growth conditions, commercial wine-producing yeasts will produce ~13-2,000 nm sulfide during growth in the absence of cysteine (Jiranek et al., 1995) , on the same order of magnitude as the levels of sulfide production observed in our experiments. We observed a large amount of variability in the sulfide measurements at certain time points. This could be explained by several reasons.
At neutral pH, a portion of the sulfide produced by JG17 during log and stationary phases may have been lost due to volatilization to the gas phase in the form of H 2 S. Alternatively, the sulfide may have reacted with oxygen to form sulfite and/or thiosulfate (Zhang & Millero, 1993) .
The thiosulfate which accumulated in the spent medium of JG17 is likely the result of a chemical reaction between biogenic sulfite and sulfide. This thiosulfate formation mechanism is supported by the fact that sulfite is the primary reactive sulfur metabolite in the media until the appearance of sulfide during late log growth, after which point the concentration of thiosulfate begins to increase at a greater rate and the concentration of sulfite drops to a lower concentration. The reaction between sulfite and sulfide to produce thiosulfate in the presence of oxygen is a well-characterized geochemical reaction (Zhang & Millero, 1993) .
Bacillus sp. JG17 was isolated from seleniferous soils where we expect extracellular reactive metabolites to have the greatest influence on selenium mobilization. Although soils naturally enriched in selenium have been found around the world (e.g., Fernández-Martínez & Charlet, 2009) and Bacillus species are commonly found in seleniferous soils (e.g., Sarathchandra & Watkinson, 1981) , more work is needed to examine the production of reactive sulfur metabolites in different Bacillus species and other genera of bacteria in order to elucidate the environmental relevance of this process.
The extracellular production of reactive sulfur metabolites has been extensively described in yeasts (Eschenbruch, 1974) and may also occur in diverse bacteria. This is not a topic that has been wellstudied with most focus being on the sulfur species produced by anaerobic sulfate-respiring bacteria. If the ability to produce extracellular reactive sulfur metabolites is widespread among bacteria, it would have implications not only for the geochemical cycling of selenium but also for other sulfur-reactive elements in chemical weathering environments.
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